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Abstract: A surface-constructed bimolecular system is described, 
comprising a simple divalent bis-imidazolyl molecule that is 
shown to "walk" in an inchworm fashion at room temperature 
along a specific pathway terminated at each end by oligomeric 
"fences" constructed on a monocrystalline copper surface. 
Scanning tunnelling microscopy shows the motion of the walker 
occurs along the [1 1¯ 0] direction of the Cu surface with 
remarkably high selectivity, and is effectively confined by the 
orthogonal construction of covalent porphyrin oligomers along 
the [001] surface direction, which serve as barriers. Density 
functional theory shows that the mobile molecule walks by 
attaching and detaching the nitrogen atoms in its imidazolyl 
“legs” to and from the protruding close-packed rows of the 
metal surface and transiting via a small energy barrier between 
two energetically equivalent extended and contracted 
conformations.  
 
Walking molecules[1] have the potential to perform a variety of 
functions, from molecular transport, motility, to energy 
conversion.[2] A key goal for artificial systems is confining 
molecular motion between two or more locations along a specified 
path. Biology, for example, achieves this with linear protein motor 
systems, such as myosin on actin or kinesin on microtubule 
filaments.[3] Surfaces are especially relevant environments to build 
and study molecular machines.[4] In particular, the formation of 
dynamic molecular systems that display motion along a given path 
on surfaces is an area of intense interest.[5] The non-directional[6] 
and uni-directional[7] motion of “molecular cars” on different 
surfaces are impressive achievements, with motion induced by 
stimuli. For surface-based molecular machines, important next steps 
include the creation of simple walking molecules, operation at room 
temperature and the confinement of motion within suitable surface 
frameworks.[8]  
Here we show a bi-component surface-based system wherein a 
simple molecular “walker” - facilitated by suitable conformations 
and specific interaction with the surface - leads to directional 
walking motion via attachment and detachment at certain locations 
on a finite track akin to an inchworm mechanism.[3b] Furthermore, 
this directional motion can be effectively confined by construction 
of covalent molecular fences on the metal, which are specifically 
grown along a perpendicular direction to the path. In essence, the 
preferred path of the walker is now confined between two barriers, 
in analogy to an abacus.[9] In the type of system we describe at least 
two molecule-based components are necessary: One is immobile, 
and acts as a confining barrier (the “fence”) to the motion of the 
second component (the “walker”). The latter component must move 
quickly and predominantly along one path dictated by specific 
interactions with an anisotropic single crystal surface as illustrated 
schematically in Figure 1(i).  
The immobile molecular component - the "fence" - was formed 
from cobalt(II) porphyrin 1 (Figure 1(ii)), which generates covalent 
oligomeric organometallic chains when heated on the Cu(110) 
surface, as demonstrated for analogous compounds.[10] Scanning 
tunnelling microscopy (STM) shows that the distance between the 
neighbouring monomeric units within the chain is 1.08 nm, which is  
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consistent with edge-to-edge porphyrin–Cu-porphyrin connections, 
created via dehydrogenation of one, two or three sp2 C-H bond(s) at 
the 3, 5 and 7 positions and subsequent formation of C-Cu-C 
bonds.[10] The fences run specifically along the highly corrugated 
[001] direction of the Cu surface[10] and are immobile at room 
temperature, thus acting as an effective barrier to any molecular 
motion perpendicular to them. The perpendicular [11¯ 0] direction of 
the surface has close-packed rows of copper atoms running along it, 
which turns out to be an ideal path for the walker molecules to move 
along, as described below. 
Compound 2 (Figure 1(ii)) was used as the walker molecule, 
because it provided two particular attributes: first, the ability to bind 
to the surface with reasonable strength via specific molecule-Cu 
interactions; and, second, possessing sufficient conformational 
flexibility to allow binding to surface atoms located at different 
separations, thus enabling the molecule to shift position without 
large energetic penalties. The walker molecule 2 has two "feet" that 
adhere specifically to the surface; here, the imidazolyl groups 
perform this function because the N atoms can adsorb specifically 
and reversibly to the Cu atoms in the top row of the surface. A 
degree of flexibility is built into the molecule via the methylene 
spacer in between the imidazolyl groups and the phenyl ring. In 
solution, this spacer allows the formation of a horseshoe-shaped 
conformation when appropriate supramolecular interactions take 
place[11], while in the solid state the derivative's legs are usually 
splayed.[12] These observations are clear indicators of the flexibility 
of the molecule that would make it amenable for a walking-type 
motion. Specifically, the horseshoe conformation is ideal for binding 
to the surface via both imidazolyl feet, while the skeletal flexibility 
enables the molecule to occupy different adsorption geometries, 
allowing its feet to bind different surface atoms.  
Periodic density functional theory (DFT) calculations of the 
walker molecule on the Cu(110) surface confirm that the molecule 
adopts the horseshoe conformation, in which the phenyl ring is held 
up away from the surface and the molecule stands on its two 
imidazolyl feet that are held to the surface via chemisorption bonds 
between the two pyridyl-like nitrogen atoms and the surface Cu 
atoms, as shown in the charge density difference plot Figure 1(iii). 
In this stance, the molecule may adopt several stable geometries 
with binding energies ranging between 325 and 348 kJ/mol (see 
Supporting Information: Figure S1). The two most favourable 
structures, with identical adsorption energies of 348 kJ/mol, are 
found when the two imidazolyl feet are adsorbed on the same close-
packed Cu row, separated by either four or three Cu atomic 
distances (a0), Figure 1(iii), labelled as the Extended and Contracted 
conformations, respectively. STM images of the walker molecule 
obtained when diffusion is arrested at either low temperatures or 
when trapped between fences consistently show a three-lobed 
structure, with two lobes aligned along the close-packed [1 1¯ 0] 
direction (Figure 1(iv)). This experimental STM image is closely 
matched by the simulated STM image of the calculated walker 
adsorbed with its feet held three Cu atoms apart, Figure 1(iv), with 
the three imaged lobes corresponding to the three rings present in 
the molecular structure of 2. 
When the walker molecule 2 was deposited on the clean 
Cu(110) surface, long, straight, bright lines traversing tens of 
nanometres were observed at 135 K, suggesting unhindered and 
strongly anisotropic directional motion along the close-packed [11¯ 
0] direction, Figure 2(i). The bright diffusion tracks do not seem to 
change direction frequently in a single image, and have dimensions 
far larger than those of molecule 2, which is imaged as being 
approximately 1 nm long and 0.8 nm wide, Figure 1(iv). Therefore 
the bright lines correspond to directional motion of the molecules, 
which is fast on the timescale of the STM raster scanning.  
Figure 1. (i) Representation of the system described in this paper, in which a 
mobile molecule (a “walker”) shuttles between two immobile barriers (“fences”) 
along a preferred direction of diffusion due to the anisotropy of the underlying 
single crystal surface. (ii) Cobalt-diphenylporphyrin (molecule 1) and 1,3-
bis(imidazol-1-yl methyl)benzene  (molecule 2), which form the immobile and 
mobile components of the system, respectively. (iii) Two DFT relaxed 
energetically equivalent geometries of the molecule on the surface with the feet 
held four (Extended) and three (Contracted) Cu atomic distances (a0) apart 
shown as: (upper panel) ball-and-stick models of the calculated geometries; 
(middle panel) front and (bottom panel) side views of the structures with the 
charge density difference shown in yellow (excess) and green (depletion) 
colours at ± 0.003 a.u. (iv) Simulated STM (1.0 V) of the contracted geometry 
and experimental STM image (I(t) = -0.14 nA, V(t) = -710 mV)  of a single 
molecule on the surface. 
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In order to create confined motion, oligomeric fences of 1 were 
pre-formed on the surface to create barriers that lie orthogonal to the 
walker’s diffusion direction, Figure 1(i) and 2(i, inset). After 
deposition of molecule 2 onto the fence-strewn metal surface, STM 
images obtained at room temperature show the original immobile 
lines of linked porphyrin fences and, between them, bright lines 
corresponding to high tunnelling current (Figure 2(ii)).  These bright 
lines run perpendicularly to the porphyrin 1 fences, demonstrating 
that the movement of the molecules of 2 is still predominantly in the 
[1 1¯ 0] direction. In the images and movies (see Supporting 
information: Figures S2-S3) there are never indications that the 
mobile adsorbate can jump onto or over the fences, as we do not see 
any static walker molecules or noise in the STM images, 
corresponding to molecular motion, on top of the porphyrin fences, 
which are always imaged clearly. We, therefore, conclude that we 
are witnessing constrained surface Brownian motion essentially in 
one dimension dictated by the interaction of the molecule 2 with the 
surface and confined by the porphyrin fences. 
It is clear that the mobility of the molecules of 2 is restricted by 
the porphyrin fences, which are separated from one another at 
random distances and at random positions on the surface. Thus, 
depending upon where the fences happen to be located, the walker 
molecules have free straight paths of varying length to travel along, 
as seen in the large area image shown in Figure 2(ii). More detail on 
the diffusion behaviour as the confinement is increased is shown in 
Figure 2(iii). 
When the porphyrin fences are so close that perpendicular 
diffusion of a potentially dynamic molecule is not possible, then the 
latter are trapped so that they can be imaged individually by STM as 
three lobed structures, State 1 in Figure 2(iii). If the chains are 
positioned a little further apart, so that the interspersed surface space 
increases by a few atomic distances, then the walker molecules 
diffuse between the porphyrin chains, State 2 in Figure 2(iii). In 
such restricted spaces, the diffusion lines often show different 
intensity patterns corresponding to different residence time of 2 in a 
given region. For example, the middle two diffusion tracks in State 
2, Figure 2(iii), show enhanced intensity at the two ends close to the 
fences, suggesting a greater residence time of the walker molecule 
near the fences. As the distance between the fences is increased, the 
diffusion of the walker lengthens accordingly, State 3 in Figure 
2(iii).  
The walkers are also occasionally imaged next to the long edge 
of the fence without being trapped, suggesting a locally favourable 
adsorption site of 2 so as to reduce its diffusion (see Supplementary 
Information: Figure S3). Additionally, there appears to be 
favourable interactions with the short edge of the fence. Thus, these 
short edges can temporarily trap the walker molecules if they diffuse 
past in close proximity (Figure 3(i)). This effect is especially strong 
if two fences are positioned close together in the [001] direction, 
providing small opening spaces, which the walker can diffuse 
through. For example, the walker molecules can pass through gaps 
as small as 1.5 nm in the fence, but only at a significantly reduced 
rate (Figure 3(ii)). In figurative terms, the space between the fence 
acts like a turnstile for the walker molecules. 
In light of these results and in order to understand how the 
adsorbed walker molecule can diffuse on the surface, nudged elastic 
band calculations were carried out to bridge various adsorption 
geometries along a given travel path. Diffusion of several starting 
conformations was studied in detail (see Supporting information: 
Figures S4-S8) including the most favourable one in which the 
molecule stands with two feet on the same row (Figures 1(iii)). 
Dynamic modelling reveals that the lowest diffusion barriers occur 
when the molecule adopts its most favoured conformations with 
both feet on the same row and walks along the surface rows with an 
inchworm motion (Figure 4(i)), involving a low energy barrier of 
only 16 kJ/mol. There are specific aspects involved in this walk as 
shown in Figure 4(i): first, starting from the energetically favoured 
Extended conformation, the molecule moves its rear “leg” to the 
nearest Cu atom along the row, thereby forming a higher energy 
transient structure with legs three Cu atomic distances apart, before 
relaxing into the almost equally favoured Contracted conformation. 
Then the forward “leg” steps forward bonding to the nearest Cu 
atom, again yielding a higher energy transient structure, before 
forming the final extended configuration equivalent to the initial one, 
but now advanced forward by one surface atom.  The transition from 
Figure 2. (i) A representative STM image at 135 K of molecule 2 diffusing on 
the Cu(110) surface (34.4 x 41.7 nm
2
, I(t) = -0.21 nA, V(t) = -390 mV) and 
(inset) STM image at RT of fences of 1 (21.6 x 23.7 nm
2
, I(t) = -0.12 nA, V(t) = -
1360 mV). (ii) A representative STM image at RT of 2 diffusing between fences 
of 1, created by first forming fences on Cu(110) with 2 deposited subsequently 
(33.1 x 40.0 nm
2
, I(t) = 0.32 nA, V(t) = 780 mV). Coordinates apply to inset of (i) 
as well. (iii) Three close up STM images at RT of molecules 2 in between 
fences of 1 that are placed at different distances with respect to each other, 
leading to different degrees of confinement (State 1: 5.8 x 7.1 nm
2
, I(t) = -0.18 
nA, V(t) = -1250 mV, State 2: 8.2 x 7.1 nm
2
, I(t) = -0.18 nA, V(t) = -1200 mV, 
State 3: 15.5 x 7.1 nm
2
, I(t) = 0.32 nA, V(t) = 780 mV). Coordinates apply to all 
three states. 
Figure 3. (i) Two 4.8 x 5.5 nm
2
 STM images at RT of two molecules 2 trapped 
temporarily at the short edge of a fence of 1 (a: I(t) = -0.15 nA, V(t) = -1200 mV, 
b: I(t) = -0.19 nA, V(t) = -1200 mV). (ii) Four subsequent 6.9 x 8.5 nm
2
 STM 
images of multiple molecules of 1 moving through a small gap of approximately 
1.5 nm in between two chains of 2 (a: I(t) = -0.16 nA, V(t) = -1200 mV, b: I(t) = -
0.17 nA, V(t) = -1200 mV, c: I(t) = -0.20 nA, V(t) = -1200 mV, d: I(t) = -0.18 nA, 
V(t) = -1200 mV). The locations of the chains and two walker molecules are 
highlighted in the first images of (i) and (ii). 
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the Extended to Contracted conformations (or vice versa) requires 
breaking one N-Cu bond and moving the leg to the adjacent Cu 
atom, where a new N-Cu bond is made, and the walker assumes a 
transitional conformation that is some 12-16 kJ/mol higher, before 
relaxing to the appropriate favoured conformation. The evolution of 
electron density during a bond-breaking process is shown in Figure 
4(i). The conformational flexibility of the walker molecule and the 
match of the molecular dimensions to the underlying surface ensure 
that such a walking process is not energetically expensive if carried 
out along the close-packed [11¯ 0] direction. This is consistent with 
the fact that, during the diffusion process, the Cu atoms displace by 
no more than 0.001 nm. We note, that, the probability of the front 
leg or the rear leg moving first in opposite directions are identical, 
so that overall motion can occur in both the forward and back 
directions equally. 
We find that diffusion of the walker in the perpendicular [001] 
direction is performed in two steps using each of its legs as a pivot,  
and involves barriers that are at least four times larger (Figure 4(ii)). 
This explains why jumps of the molecule between neighbouring 
tracks are observed only rarely. This anisotropy in diffusion is the 
basis for the directional motion that is observed in the experiment. 
When either walking or pivoting, the molecule breaks only one bond 
at a time to reduce the overall energy barrier. Calculations show that 
diffusion undertaken in one step by sliding, where both legs are 
detached simultaneously during the move, would invoke barriers at 
least two times larger than the equivalent walking motion. Walking 
mechanisms for some other starting adsorptions positions are shown 
in the Supplementary Information (Figures S6-S7), but these either 
involve a less favourable starting conformation and/or greater 
diffusion barriers. We also find that a 
complex diffusion path with the largest 
barrier of nearly 50 kJ/mol separates the two 
geometries in which a molecule oriented 
along the close-packed Cu rows transforms 
to an orthogonal orientation across the Cu 
rows (Figure S8); we expect this would be a 
rare event at room temperature. 
Overall, our dynamic modelling agrees 
with the experimental observations that the 
preferred diffusion direction is along the 
rows, with the diffusion rate in the 
orthogonal direction across the rows 
calculated to be at least 105 times smaller at 
room temperature. This selectivity in 
direction of diffusion is due to the specific 
manner in which the molecule binds to the 
surface and the anisotropic structure of the 
surface, leading to different barriers for 
motion in the two orthogonal directions. 
In conclusion, we show that a simple 
molecule can walk on a preferred path on a 
surface, and that this motion can be 
effectively restricted between two positions 
via on-surface synthesized porphyrin 
oligomer fences aligned perpendicular to the 
walking direction. Thus, the simple 
imidazolyl walker molecule shuttles back 
and forth between the fences along the 
close-packed metallic rows, which act as 
intrinsic and directional tracks on the 
corrugated Cu(110) substrate. DFT 
modelling gives unique insight into this 
process and shows that the directionality of 
motion arises from the specific interaction of 
the walker with the surface, which moves by 
attaching and detaching its imidozolyl feet 
in an inchworm fashion, and from 
anisotropic diffusion barriers that favour this 
motion along a preferred direction.  Thus, an 
anisotropic surface such as Cu(110) is an 
advantageous medium to place molecular 
machines, used by others in other 
contexts,[13-18] with inherent structural 
features providing tracks along which 
molecules could be confined to shuttle. We 
note that the porphyrin framework can be 
readily functionalized at the phenyl 
positions of 1, which brings further 
Figure 4. (i) The DFT calculated minimum energy path, and the corresponding front, side and top views of 
the selected geometries, for molecule 2 to diffuse one lattice constant a0 along the Cu row between two 
equivalent Extended structures. The molecule first steps with its rear leg towards its front one to the nearest 
Cu atom (points 1 to 7) to arrive into the Contracted geometry, which is followed by the front leg to make 
another step by a0 in the same direction to arrive into equivalent (but shifted by a0) Extended geometry 
(points 7 to 13). (ii) The DFT calculated minimum energy path, and the corresponding top views of the 
selected geometries, for molecule 2 to diffuse one lattice constant b0 perpendicular to the Cu row between 
two equivalent Extended structures. The molecule first pivots on its rear leg to get the front leg onto the next 
row (points 1 to 7), then it pivots on the front leg to get the rear leg across (points 7 to 13). The charge 
density differences plots are shown for all selected structures in (i) using the same colour scheme as in 
Figure 1. 
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prospects for creating non-equivalent ‘stations’ for the walker to 
traverse between, and also for engineering specific recognition of 
the shuttling molecule at either or both stations. Our system operates 
under thermal activation (room temperature is sufficient here), but it 
is also conceivable that systems could be designed where shuttling is 
initiated by, say, an electrical pulse or light activation, where aspects 
such as microscopic reversibility[19] could be studied in detail at the 
submolecular level. Finally, dissymmetry in the walker mobility 
could lead to uni-directional motion; we are presently working 
towards these targets. 
 
Experimental Details. 
The experiments were carried out in a UHV STM setup (P < 2·10
-10
 mbar). The 
Cu(110) crystal was cleaned using repeated argon sputtering and annealing 
cycles. Compounds 1 and 2 were sublimed onto the Cu(110) crystal at RT. STM 
data was obtained using  a Specs Aarhus 150 STM operated in constant 
current mode. Images were analysed using the Gwyddion 2.30 software 
package.
[20] 
 
DFT calculations were performed using the CP2K Quickstep package
[21]
 
which implements a hybrid Gaussian (optimised double-zeta plus polarization, 
DZVP-MOLOPT) and plane wave (300 Ry cutoff) basis set, Goedecker-Teter-
Hutter  pseudopotentials
[22]
 and the Perde-Burke-Ernzerhof (PBE) exchange-
correlation density functional.
[23]
 The van der Waals interaction was 
approximately taken into account within the Grimme D3 method.
[24]
  The force 
convergence criterion in geometry relaxation was 0.01 eV/ Å. The Cu (110) 
surface was modelled using 4 layers of Cu atoms with the two bottom layers 
fixed in the bulk-like positions, and a vacuum gap of 15 Å. The counterpoise 
correction was used to remove the basis set superposition error (BSSE) from 
the calculated adsorption energies.
[25]
 Climbing image nudged elastic band (CI-
NEB) calculations
[26]
 were performed typically with 7 replicas connecting initial 
and final band points. STM images were obtained by calculating the integrated 
local density of states within the Tersoff-Hamann approximation.
[27]
 Some 
calculations were also conducted using VASP
[28]
 and Quantum ESPRESSO 
plane wave codes
[29]
 to check some of the adsorption geometries and energies.  
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from a bis-imidazolyl compound and 
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